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AREFACE

This review was conducted at the NavaFHealth Research Center Detachment Toxicology
(NHRC/TD) under the direction of CDR Warren W. Jederberg, MS, MSC, USN, Officer-in-
Charge NHRC/TD. It was performed as a part of research funded by the Office of Naval
Research under Work Unit # N61153.M04508.518.60263.

The opinions contained herein are those of the authors and are not to be construed as
official or reflecting the view of the Department of Defense, the Department of the Navy or the

Naval Services at large.




N-acetylcysteine as a Provisional, Commercial Off-The-Shelf

(COTS) Cheémoprotectant Against Sulfur Mustard.

Andrew J. Bobb, PhD, LT MSC USNR, and Warren W. Jederberg, MS, CDR MSC USN

Naval Health Research Center Detachment, Toxicology

Wright-Patterson AFB, OH

January, 2003



(this page intentionally left blank)

ii



Abstract

Sulfur mustard is a vesicant with a long history of use in conflict. It produces coalescing
blisters of the skin, inflicts temporary or permanent blindness through profound irritation or
corrosion of the eyes and produces dramatic lung injury. Extensive exposure can destroy the
immune system by destruction of bone marrow cells. There is no antidote for HD, or effective
treatment other than rapid decontamination and supportive care. Current development plans
schedule a licensed HD prophylaxis in the FY10-19 range.

N-acetylcysteine (NAC) is a derivative of the amino acid cysteine which is rapidly
converted to cysteine in the body. While it is classified as a “dietary supplement,” it has been
used clinically for over thirty years, primarily intravenously and orally in the treatment of
acetaminophen overdose. Due to its support of the glutathione system, one of the primary
physiological detoxification pathways, it has been tested recently for a number of clinical
activities. Placebo-controlled, double-blind studies have shown it to provide clinical benefit for:
prevention of influenza symptoms; slowing of Alzheimer’s progression; liver function restoration
following septic shock; acute respiratory distress; and ocular symptoms of Sjogren’s Syndrome.
Animal and tissue studies have suggested efficacy for NAC as a chemoprotectant against
acrylamide, asbestos, cigarette smoke, catecholamines, diesel exhaust, free radicals, and
methoxyacetic acid. Other animal studies indicate a possible role for NAC in the treatment of
porphyria, brain injury, and anthrax.

Recent animal studies have demonstrated the ability of NAC to significantly decrease
lung damage from HD and a HD simulant. Tissue culture studies indicated that NAC may also
decrease the damage of HD to skin and lymphocytes.

NAC is a compound of extremely low toxicity. Common intravenous doses are 150
mg/kg. The minimum toxic dose reported in a human is 8480 mg/kg by mixed routes.

The US Armed Forces are currently preparing for possible war against an enemy with a
documented history of using HD in battle. Given the historical effectiveness of HD on the
battlefield, the lack of any effective treatment, the demonstrated general chemoprotective
properties of NAC, the overall safety of NAC administration, the lack of a licensure requirement,
and the preliminary data supporting efficacy against HD exposure, we suggest the daily oral

administration of the maximum known safe dose of NAC to all US forces entering combat zones.
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Additional studies should be performed to better demonstrate efficacy against moderate HD

exposure in animal models, and to identify longer-term activities.
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The Threat

HISTORY OF USE

Sulfur Mustard (bis-(2-chloroethyl) sulfide; CAS 505-60-2) is often referred to by the
acronym HD; while HD technically refers to a highly purified form of sulfur mustard generally
produced after WWI, in this communication it will be used, for brevity’s sake, to refer to any
sulfur mustard formulation. HD was first used in war near Ypres, Belgium on July 12, 1917,
Although it was only used for one year, HD was responsible for about 80% of the chemical
casualties in WWI. Italy used mustard on the Abyssinians (Ethiopians) in its 1935-36 conquest of
that country, and Japan used it in China starting in 1939 (Smart 199‘7). Mustard was inadvertently
released from the SS John Harvey in 1943 by German bombing (Alexander, 1947).HD, probably
of Soviet make, was used by Egypt in the 1963-67 Yemen War (Shoham 1998). Iraq used
mustard (probably HD) extensively in the Iran-Iraq war (CIA 2002), causing as many as 45,000

casualties (Carus 1988).

MUSTARD EFFECTS

HD is a vesicant, that is, a blister agent. It is an oily liquid of low volatility which causes
extensive damage to all contacted tissues. The skin develops erythema typically 4 to 8 hours after
exposure. Vesication appears 2 to 18 hours later (Sidell et al, 1997); this delay of effects
promotes the spreading of the agent beyond the original deployment site. These blisters will
generally coalesce over time to produce large bulla 0.5 to 5 cm in diameter. Liquid mustard may
produce a full-thickness (third degree) burn. Severe skin lesions may require months to heal
(Willems 1989). Inhaled mustard vapor can produce acute airway injury 4 to 6 hours after
exposure, including hoarseness, pharyngeal and laryngeal erythema, wheezing and dyspnea, and

epithelial sloghing with pseudomembrane formation in severe exposures (Sidell et al, 1997).




Initial nonbacterial bronchitis is followed by bacterial superinfection in 4 to 6 days. Ocular
exposure to even small amounts of mustard vapor result in irritation; more severe exposures bring
on pain, severe conjunctivitis, and corneal damage (Sidell ez al, 1997). HD-induced photophobia
lasts for weeks. Most deaths result from pulmonary damage complicated by infection, and occur
several days following exposure.

Two hypotheses exist for the biochemical effects of mustard exposure. HD is a DNA
alkylating agent (Papirmeister ef al, 1985), causing strand breaks which are irreparable to cellular
machinery (Sidell et al, 1997). The normal response to irreparable DNA damage is apoptosis,
sometimes called programmed cell death, in which the cell actively destroys itself through a
series of metabolic processes including DNA segmentation, proteolysis of cellular enzymes, and
disruption of the cell membrane (Li, 1999). This is consistent with reports that many HD effects
appear to be mediated through apoptotic mechanisms (Dabrowska et al, 1996; Atkins et al, 2000,
Kehe et al, 2000; Blaha et al 2001; Rosenthal et al, 2001, 2003). Secondly, since HD reacts
rapidly with glutathione, an intracellular reducing agent involved in many detoxification reactions
(Gentilhomme et al, 1992), a second hypothesis for HD effects is the profound depletion of
intracellular glutathione, leaving the cell susceptible to naturally-produced reactive oxygen
species (Sidell ef al, 1997). Damage from reactive oxygen species also results in apoptosis (Mates
and Sanchez-Jimenez, 1999). It therefore appears that whatever the mechanism, 1) apoptosis is
induced as the mechanism of tissue destruction, and 2) glutathione is a sink for HD damage,

reducing the effective dose received by the cell and reducing the damage caused.

MEDICAL TREATMENT
There is currently no antidote or chemoprophylaxis for HD. The only means of reducing injury is

decontamination of the exposure site within two minutes (Sidell, 1997); after this time, the




mustard has been absorbed and conjugated to biomolecules, and no benefit will be realized from
decontamination. Following development of symptoms, only supportive care is available, such as .
ventilation, antibiotics, and skin burn care. The Department of Defense Chemical and Biological
Defense Program identifies the goal of having a licensed chemoprophylaxis, but not until the

FY10-19 period (DASDCBD, 2002).




N-acetylcysteine
NAC STRUCTURE AND METABOLISM
N-acetyl cysteine (CAS 616-91-1), or NAC, is a synthetic cysteine derivative (Figure 1).
Although it has been used in clinical settings for many years (see below), its mechanism of action

for observed clinical benefit have been identified much more recently.
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Figure 1: N-Acetylcysteine structure.

Glutathione (GSH) is a tripeptide made up of residues of glutamine, glycine, and cysteine
(Figure 2). It is the principal thiol participant in cellular redox reactions, and part of the major
cellular detoxification pathway; it is involved in the detoxification of most endogenous and
exogenous toxicants (Sies 1999). Glutathione is also important in the pathology of cancer, AIDS,
and other diseases (Voehringer 1999). Its principal activities are the reduction of reactive oxygen
species (ROS) and free radicals (Ketterer, 1998), and s-conjugation leading to the increased
export of conjugates both from the cell and from the body (Keppler, 1999). GSH is synthesized
from its component amino acids via y-glutamyl-cysteine synthase and glutathione synthase
(Griffith 1999). The limiting factor for this synthesis is the concentration of cysteine, which can

be 10 to 20-fold less than the concentration of the other amino acids (Griffith 1999). Therefore in



many cases the limiting factor in cellular detoxification capacity is the intracellular concentration

of cysteine.
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Figure 2: Glutathione Structure.

NAC can be given orally or intravenously and is readily deacetylated in vivo to
physiological cysteine, whereas administered cysteine tends to auto-oxidize to an insoluble
product (Griffith 1999). NAC is absorbed rapidly, if not efficiently, in humans; peak plasma
concentration is achieved within 1 to 2 hours after a 200 to 400 mg oral dose. Most of the
absorbed NAC is rapidly bound to protein or excreted; reduced NAC has a physiological half-life
of 6.25 hours (Holdiness 1991). NAC does make an efficient physiological substrate for
glutathione synthesis: preincubation of cultured hamster cells with NAC prevents depletion of
GSH by toxicants (Park et al, 2002); in rats, NAC has been demonstrated to increase intracellular
glutathione in erythrocytes, liver, and lung cells, reduce the activation of procarcinogens by the
liver, and detoxicfication of mutagens (DeFlora et al, 1985); in humans, oral NAC administration
increases GSH levels in T cells of AIDS patients (DeRosa et al, 2000). NAC is also able to
substitute for GSH as a substrate for microsomal Glutatione-S-Transferase, a major detoxifying
enzyme (Weinander et al, 1994). Given the importance of glutathione in cellular response to
xenobiotics, free radicals, reactive oxygen species, and other sources of cellular damage, it should

be obvious a priori that NAC should relieve or prevent a variety of human pathologies. And there




is a large volume of solid experimental evidence that NAC is clinically efficacious as chemical

antidote and immune support.

DEMONSTRATED CLINICAL BENEFITS

NAC has been used for over 25 years as an antidote to acetaminophen overdose, both in
oral and intravenous form (Smilkstein et a/, 1988). It functions by replenishing, and substituting
for, GSH in detoxifying the hepatotoxic metabolite of acetaminophen, N-Acetyl-p-
benzoquinonimine. NAC has also been used in nebulized form, as a mucolytic agent, cleaving the
sulfhydryl bonds in pulmonary mucus (Kasielski and Nowak, 2001)) Within the last decade,
however, a number of new clinical uses for systemic NAC treatment have been tested in
randomized, placebo-controlled, double-blind (RPD) studies.

Since the discovery that HIV-infected patients are deficient in glutathione (Buhl et al,
1989), several groups have evaluated the efficacy of NAC in the treatment of HIV and AIDS
patients. Akerlund et a/ (1996) in an RPD study found somewhat equivocal results with a daily
dose of 800 mg for 4 months, although the dose was well tolerated. Treatment normalized plasma
cysteine levels, slowed the decline of CD4+ lymphocytes, and decreased plasma TNF-o levels.
Beitkreutz et al (2000) found better results with RPD symptomatic patients: a significant
improvement of immunological function, if no change in viral load. DeRosa et al (2000)
administered large doses (median dose 5.3 g/day for a median 24 weeks) and restored GSH levels
in CD4 and CD8 T cells; they also saw a dramatic improvement in 2-year survival, but this was in
an open-label phase of the test, potentially confounded by self-selection.

RPD systemic NAC trials for treatment of acute lung injury showed an improved
systemic oxygenation and reduced the need for ventilatory support after 3 days of 40mg/kg/d iv

NAC (Suter et al, 1994). A similar study with more seriously ill patients (Domenighetti et al,




1997) using 190 mg/kg/d NAC found no change in ventilator need or mortality, but some
improvement in lung injury. A 6 month 1200 mg/d RPD study of 262 subjects, mostly over 65,
found that the rate of seroconversion towards A/H|N; Singapore 6/86 influenza was similar
among study patients regardless of treatment; however, 75% of NAC-treated seoconverters did so
asymptomatically, while only 21% of placebo-receiving seroconverers did not show symptoms
(DeFlora et al, 1997). The NAC treatment also improved function of the patients’ immune cells
in antigen challenge tests. Twenty-six patients with Sjogren’s Syndrome involved in a RPD cross-
over study of NAC demonstrated that NAC relieves many of the subjective ocular symptoms, if
not the objective laboratory tests (Walters et al, 1986). NAC increases liver blood flow following
septic shock (Rank et al, 2000), and one recent RPD study (Adair et al, 2001) showed efficacy for

NAC in the treatment of cognitive impairment in Alzheimer’s disease.

CHEMOPROTECTION IN CELL CULTURE AND ANIMAL STUDIES

An even broader array of studies have been performed in cell cultures. Catecholamines
are natural neurotransmitters used by the central and peripheral nervous systems; however, auto-
oxidation produces free radicals which can be cytotoxic to the nerve cells. Out of a laundry list of
antioxidants, only NAC prevents this chatecholamine toxicity in cortical cell cultures (Noh et al,
1999). Nitric Oxide (NO) donors are used as experimental tools for evaluating the effect of
exogenously produced NO; they also result in glutathione depletion and cell death by apoptosis
(Babich and. Zuckerbraun, 2001); cotreatment with NAC prevents both effects. Zn2+ causes
profound morphological changes, production of reactive oxygen species (ROS) and cell death in
isolated rat neural cells; NAC co-treatment inhibited all of these effects (Ryu et al, 2002).Diesel
exhaust causes cultured human bronchial cells to produce IL-8, a cytokine which usually

promotes apoptosis (Abe ef al, 2000); NAC significantly inhibited IL-8 production. Acrylamide is



tumorogenic in rats and mice, and promotes morphological transformation of Syrian hamster
embryo (SHE) cells (Park et al/, 2001), an indicator of carcinogenic potential; NAC reduces
cellular transformation of SHE below control levels, even in the presenée of a moderate amount
of acrylamide. Pretreatment with NAC prevents the destruction of isolated rat testicular germ
cells by methoxyacetic acid (MAA, a paint industry byproduct), suggesting its ability to prevent
human testicular atrophy, the main hazard of MAA (Rao and Shaha, 2002).

NAC has been demonstrated in animals to have chemoprotectant properties against a
number of hazardous chemicals. At approximately 1g/kg/d, oral NAC prevented bronchial
epithelial thickening/ hyperplasia (Rogers and Jeffery, 1986), and reduced DNA damage (Izzoti et
al, 2001) in smoke-exposed rats. NAC moderated the effects of asbestos exposure in rat lungs
(Afaq et al, 2000), accelerated healing of free radical-damaged soft tissue (van der Laan et al,
1997), and even protected against the lethal effects of perfluoroisobutene (PFIB) in rats (Lailey

1997; van de Meent et al, unpublished results).

OTHER NAC ACTIVITIES

Owing to its support of cellular physiology and suppression of apoptosis, NAC also
appears to have activity against other types of pathology. NAC enhances the inhibition of
prostaglandin synthesis by NSAIDs in isolated monocytes ( Hoeffer et al, 2002). S-
Aminolevulinic acid (ALA) is a product of metabolism which is part of the pathology of
porphyria and lead poisoning, accumulating intracellularly and producing free radicals which
 damage DNA; NAC treatment in cell culture prevented DNA damage (Yusof et al, 1999). 163
mg/kg NAC given intrapeﬁtoneally before or immediately after fluid-percussion brain injury to

cats maintained the normal arteriolar constriction response to hyperventilation, whereas control



animals lost this response after injury (Ellis et al, 1991). NAC was even able to partially protect

mice against challenge with anthrax lethal toxin (Hanna et al, 1994).

MUSTARD CHEMOPROTECTION
| Although it had been known for some time that HD formed glutathione conjugates
(Kinsey and Grant, 1947), research in NAC chemoprotection against HD agent began about 15
years ago when it was noted that resistance to nitrogen mustard (used as cancer chemotherapy)
could be correlated to glutathione levels, and that depletion of glutathione levels would render
tumors sensitive to mustard treatment (Ono and Shrieve, 1987).Gross et al later demonstrated
(1993) that pretreatment of human peripheral blood lymphocytes with 10 mM NAC reduced the
effects of lower concentrations of HD, but not high concentrations, and the suggestion was made
at that time that augmentation of intracellular glutathione may provide some protection against
HD agent. A later study using vascular endothelial cells in a model of capillary leakage and
edema (Dabrowska et al, 1996) found that NAC pretreatment nearly eliminated apoptotic effects,
although it did little against necrotic effects; since most clinical effects appear to be related to
apoptosis, this finding is supportive of chemoprotection: The same group later demonstrated that
the effect is primarily due to enhanced glutathione synthesis (Atkins et @/, 2000). Similar
experiments using bronchial epithelial cells found NAC co-treatment (NAC administration
simultaneous with HD exposure) provided significant, although by no means complete, protection
against HD, but pretreatment was not tested ( Rappeneau et al, 2000).
Anderson et al (2000) tested co-treatment in rats for protection from HD vapors. NAC
was able to virtually eliminate many of the effects of HD exposure within the first 24 hours.
Considering that intraperitoneal injection requires time for absorption in to the mesenteric

capillary system and that HD is typically combined or metabolized within the first few minutes




after exposure, this is a significant finding. McClintock et al (2002), in the most recent study,
found that NAC reduced lung injury by 70% if administered 10 minutes prior to HD exposure,
and had significant benefit if administered up to 90 minutes after exposure.

Combined, the animal and cell data is very promising that NAC should have some benefit
to individuals exposed to HD in the field. To be properly cautious, it should be noted that the
animal studies described here focus on low to moderate lung exposure, so few conclusions can be
drawn about NAC’s ability to ameliorate more serious exposures. However, even in an attack the
majority of HD exposures are likely to be lower level, and the protection of these personnel
would be a significant benefit to US forces. It is also impossible to predict from these studies the

impact of NAC on skin exposure, except to note that NAC does affect glutathione levels in the

skin.

NAC SAFETY

N-acetylcysteine has one of the lowest toxicities of known chemicals. Its probable lethal
dose is 5-15 g/kg body weight (Gosselin et al, 1984), or about 3.3 pounds for the average person.
It is commonly packaged as a 600 mg capsule for unregulated sales. As acetaminophen antidote,
it is commonly delivered intravenously as a 20% solution, leading to several grams run in over a
period of 15 minutes. Cases of toxicity from this regimen are rare (ex: Reynard ef a/, 1992), and
complicated by symptoms from the overdose (Ellenhorn and Barceloux, 1988). No systematic
experiments were identified in a Medline/ Toxline literature search to determine maximum
tolerated dose in humans or in animals.

To answer the question of a responsible long-term maximum tolerated dose there are two
studies to consider: a study of 262 mostly older (78% > 65 yrs) who took 1200 mg/day for six

months (166 £ 35 days) reported a level of adverse events (9%, mostly mild gastrointestinal
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effects) not significantly higher than the placebo group (DeFlora et al, 1997); 64 HIV infected
patients took a median dose of 5300 mg/d for a similar length of time (median 24 weeks)
(DeRosa et al, 2000) and saw no difference between NAC and placebo in the rate of study
withdraw for perceived side effects. To base the dose on systemic effects, the latter, higher-dose
study would be appropriate; however, delivery was by effervescent tablet, which contained a
large amount of bicarbonate. On the other hand, the study participants of both studies were likely
to be less resistant to gastrointestinal insults and any other negative effects than healthy military
personnel. A dose of 4800 mg/day (8 standard 600 mg capsules distributed over the day; 90% of
the HIV study median dose) has a very low risk of significant adverse effects, with the most
likely being nausea or diarrhea. In the event such effects occur, they should be rectifiable by

reducing the dose.
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Data Limitations and Research Needs
In order to obtain the maximum benefit from NAC, DOD should invest in a number of _

studies to further evaluate its potential and dosing for maximum protection. While the list is long,

a number of these studies can be, and in some cases, should be, performed concurrently and with

little additional cost.

Oral dose studies. While intraperitoneal route is a simulation of the oral route, the dynamics of

absorption can be significantly different, and such dosing may be more or less effective.

Animal pretreatment studies. Glutathione levels appear to build over time in response to oral

NAC, but current studies initiate NAC treatment simultaneously with exposure, reflecting a

“treatment” rather than prophylactic approach. There are no studies where animals are given oral

NAC significantly prior to exposure.

Skin Efficacy Studies. As indicated above, there is little evidence to determine if NAC
E . pretreatment would be effective against skin effects of mustard. Isolated skin models and,

ultimately, whole-animal exposures need to be performed to determine efficacy.

. Dose-effect studies. Studies need to be performed to establish a relationship between NAC dose

and response to HD to determine the limits of NAC protection.

Long-term influence of NAC. Current NAC studies follow animals for less than 24 hours. Some

studies suggest that preventing apoptosis does not prevent cell death over the longer term in all

cases (Brown and Wouters, 1999). Exposed and protected animals need to be followed for longer

periods of time to demonstrate an effect of NAC on clinical outcome, including recovery from

acute injury.

Animal Tolerance Study. A more effective study of the maximum tolerated oral dose in animals

needs to be conducted for extrapolation to humans, to determine if the dose can be safely raised

for healthy individuals.

12



NAC Toxicity Study. A long-term animal study of high and subtoxic dosed animals to determine

the targets of acute and chronic NAC toxicity, to include neurological testing. This would also

involve a NAC toxicity curve, to determine the difference between a minimally toxic and

potentially lethal dose.

Human tolerance study. Ultimately the dose should be recalculated based on the animal tolerance
studies using the toxicity curve to determine the appropriate safety margin and a test using

. volunteers in a double-blind, placebo-controlled performed, looking exclusively at safety of

dosing.
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Summary and Conclusions

The United States is currently preparing for armed conflict in the Persian Gulf. Given the
potential for, and history of, the use of HD by enemy forces, consideration must be given to the
protection of our forces from unexpected HD attack. While there is too little time for research to
provide specific solutions; any potential Commercial Off-The-Shelf (COTS) solution should be
seriously considered. |

HD attacks mammalian cells by causing DNA lesions which cannot be easily corrected,
leading to cell death and, if widespread enough, loss of organ (lung, skin, immune system)
function. The principal cellular defense against these effects is direct detoxification of HD by
glutathione conjugation prior to DNA damage. Consequently, the increase of glutathione activity,
either through glutathione augmentation or by providing a physiologically effective substitute, is
reasonably the best means of providing cellular-level protection to fielded forces from the effects
of sudden HD exposure.

N-acetylcysteine has been used for decades to boost liver glutathione activity in the event
of acetaminophen overdose, and is effective in both the intravenous and oral forms. It is clear
from the variety of other clinical and experimental effects NAC demonstrates that its activity is
quite wide-reachiﬁg; _including, at a minimum, the lungs, brain, testes, and immune system. Its
safety in moderate dose is unquestionable, owing to the long history of use, and it has been used
in weakened populations at high dose for relatively long periods of time with no noted ill effects.

NAC is defined as a dietary supplement despite its clinical history, and as such is not an
investigational new drug and does not fall under the licensure requirements of a prescription
medication. It should therefore be available to dispense to combat forces immediately, with no

legal or ethical limitations other than prudent dose assignment.
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N-acetylcysteine is a potential COTS chemoprotectant against HD, a threat for which

there is currently no antidote, and no plans for a licensed chemoprotectant until after FY10.
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